Marker-assisted selection (MAS) using 5 DNA markers linked to the pear scab resistance derived from 'Kinchaku' (Vnk) was examined in a pear breeding program. The relationship between DNA markers and scab resistance was investigated. All individuals without both DNA markers of STS-OPW2 and STS-OPO9 derived from 'Kinchaku' showed scab symptoms with heavy sporulation on leaves. Individuals possessing these markers exhibited no symptoms, or necrosis with or without weak sporulation on petioles which was localized and did not affect growth, and were classified as resistant. Hence, elimination of individuals that have neither STS-OPW2 nor STS-OPO9 would be a suitable strategy to select for scab resistance in Japanese pear breeding when introgressing Vnk from 'Kinchaku'.
Introduction
Pear scab disease caused by Venturia nashicola is one of the most serious diseases in the commercial production of Japanese pear (Pyrus pyrifolia Nakai). Infection of the leaves or fruit with fungi may lead to sporulation, which will decrease fruit quality and yield. Optimal timing of fungicide applications is important in suppressing disease. In non-bagged cultivation of Japanese pear in Ibaraki prefecture, it is necessary to spray fungicides about 13 times a year. Recent pressure from consumers for safer agricultural products and foods has led commercial growers to consider the effects of chemical residues in products and the environment. Decreasing fungicide application has thus become an important objective also in pear cultivation.
The major varieties of cultivated Japanese pear are susceptible to pear scab caused by V. nashicola. Breeding of elite cultivars with scab resistance is therefore an important objective of Japanese pear breeding programs. The European pear (Pyrus communis L.) cultivar 'La France' and the Chinese pear (Pyrus bretschneideri Rehder) cultivars 'Hongli' and 'Mili' do not show disease symptoms caused by V. nashicola. Among Japanese pear cultivar, only 'Kinchaku' is highly resistant (HR) to the scab (Ishii et al., 1992) . Progeny testing of 'Kinchaku' suggested that this HR phenotype is controlled by a single dominant gene (Abe and Kotobuki, 1998) . Introgression of the 'Kinchaku' scab resistance gene into commercial cultivars is now being undertaken and some resistant individuals have been selected. In traditional breeding systems, scab-resistant individuals were selected by visually evaluating scab symptoms of seedlings inoculated with V. nashicola conidia. Consistent results are difficult to obtain as the appearance of scab symptoms is affected by temperature and humidity. It also takes about 1-1.5 months after inoculation before disease ratings can be scored. DNA marker-assisted selection (MAS) can overcome these difficulties as it yields rapid and stable results unaffected by the environment.
Detailed genetic linkage maps of Japanese pear 'Hosui' and European pear 'Bartlett' have recently been constructed and synteny between them as well as between the pear and apple maps was indicated (Yamamoto et al., 2002 (Yamamoto et al., , 2004 . A RAPD marker linked to a gene for susceptibility to pear black spot disease was reported (Banno et al., 1999; Iketani et al., 2001) and the gene was mapped on linkage group (LG) 11 50 (Terakami et al., 2007) . The scab resistance gene (Vnk) from 'Kinchaku' was mapped in the central region of LG1 (Terakami et al., 2006; Yamamoto et al., 2004) . Terakami et al. (2006) reported one SSR and 5 STS markers closely linked to Vnk. These DNA markers could improve selection efficiency in Japanese pear breeding programs. Recently, DNA makers linked to the desirable traits for breeding in other fruit trees also developed (Kanzaki et al., 2008; Nakano et al., 2008) .
In this study, we analyzed 5 DNA markers linked to the 'Kinchaku' Vnk scab resistance reported in Terakami et al. (2006) to two populations of the progenies, and confirmed the results with a standard V. nashicola inoculation test.
Materials and Methods

Plant material and DNA preparation
Vnk from 'Kinchaku' was introgressed into two breeding populations via four-way crosses ( Fig. 1 ). Forty and 87 individuals were obtained from 'Akizuki' × 40-9 and 'Akizuki' × 40-23 crosses, respectively. 'Kinchaku', 7-34, 40-9, and 40-23 are heterozygous for the Vnk gene (Vnk/vnk) and showed resistance to scab. 'Kosui', 'Hakko', and 'Akizuki' are susceptible to scab. Seeds of the populations were stored in wet sand for about 2 months in order to break dormancy and then germinated in Giffy-seven (Sakata Seed, Yokohama, Japan) in a greenhouse at 10°C minimum temperature. After germination, seedlings were transplanted into plastic pots. Three-to four-month-old seedlings were used for the scab inoculation test and DNA extraction.
Genomic DNA of plant material was fixed on an FTA plant card (Whatman Japan K.K, Tokyo, Japan) by direct leaf press using a pestle. The FTA cards were dried at room temperature for 1 hour and then 2 mm diameter discs were removed with a punch. The discs were used as templates for PCR after washing with 100 μl TE 0.1 (10 mM Tris, 0.1 mM EDTA).
Inoculation with Venturia nashicola and evaluation of resistance
Inoculation tests for both populations were carried out in March, 2005, during suitable temperature conditions for the test. Conidia of V. nashicola were collected from naturally infected Japanese pear leaves planted in Ibaraki Agricultural Center. The conidia primarily consisted of race-1 spores (data not shown). They were suspended in 0.1% sucrose solution containing 0.01% surfactant and stored at −80°C until use. Immediately before inoculation, a 3.0 × 10 5 conidia/ml suspension was prepared and sprayed onto the seedlings. After inoculation, the seedlings were incubated in a moist chamber (nearly 100% R.H.) for 48 hours and then transferred to a greenhouse at 10°C minimum temperature. Scab symptoms were evaluated 40 days after inoculation. In a preliminary test using another progeny of 'Kinchaku', we observed a resistance reaction (necrosis or chlorosis) and weak sporulation on petioles, which was not scored in previous studies using 'Kinchaku'. Since these reactions were sequential, we tried to categorize the degree of resistance clearly. We thus applied the apple scab grading scale (King et al., 1998) with some modifications: class 0 (no visible symptoms), 1 (chlorotic lesions on leaves without sporulation), 2 (slight necrotic lesions on leaves without sporulation), 3 (necrotic lesions on leaves without sporulation), 4 (necrotic lesions on leaf blades without sporulation and weak sporulation on petioles) and 5 (symptoms with heavy sporulation on leaves).
STS marker analysis
Three STS markers (STS-OPW2, STS-OPO9, STS-OPAQ11) linked to Vnk (Terakami et al., 2006) were scored for all individuals. PCR amplification was performed in 10 μl of solution containing the FTA disc described above, 5 μl of Ampdirect plus (Shimadzu, Kyoto, Japan), 10 pmol of each forward and reverse primer and 0.25 units of Nova Taq Hot Start DNA Polymerase (EMD Biosciences, Darmstadt, Germany). Amplification was performed using 35 cycles of 94°C for 1 min, 57°C for 1 min and 72°C for 2 min. PCR products were separated in 1.5% or 3.0% agarose gels. The amplicon produced by STS-OPO9 was digested with Sal I and separated on 1.5% agarose gel.
SSR marker analysis
Two SSR markers (NH013, CH-Vf2) linked to Vnk (Terakami et al., 2006) were scored for all individuals. PCR amplification was performed in the same solution described above except for the use of a forward primer labeled with fluorescent chemicals (Fam or Hex). Amplification was performed using 35 cycles of 94°C for 1 min, 50°C for 1 min and 72°C for 1 min. PCR products were separated by electrophoresis on POP-7 polymer and detected using Genetic analyzer 3130 (Applied Biosystems Inc., Foster city, CA, USA). The size of the amplified bands was calculated using an internal DNA standard (GeneScan-500 LIZ, Applied Biosystems Inc.) and GeneMapper software (Applied Biosystems Inc.). 
Results
Evaluation of scab resistance
Forty individuals from 'Akizuki' × 40-9 and 87 individuals from 'Akizuki' × 40-23 were inoculated with V. nashicola, and the resulting response to scab inoculation was scored 40 days later (Table 1) . 'Kinchaku' showed no visible symptoms and was scored as 0. 7-34, 40-9, and 40-23 also did not show any sporulation on leaf blades and petioles, however, the degree of scab resistance in the two populations varied. Individuals were classified as 0: high-resistant (HR), 1-3: resistant (R), 4: moderately-resistant (M) and 5: susceptible (S). M individuals showed slight symptoms which did not affect growth and development. Individuals classified as S showed symptoms with heavy sporulation on the leaves, and some of these individuals died. Previous studies indicated that 'Kinchaku' resistance was controlled by a single dominant gene, because the segregation of resistant and susceptible was 1 : 1 for its progenies (Abe and Kotobuki, 1998; Terakami et al., 2006) . When resistance is supposed to be controlled by a single dominant gene, and the threshold of resistance is set between score 3 and 4, the segregation ratio of resistant and susceptible progenies for 'Akizuki' × 40-9 is 13 : 27, while that of 'Akizuki' × 40-23 is 27 : 60; therefore, the hypothesis of the expected ratio of 1 : 1 can be discarded (χ 2 = 4.23 for 'Akizuki' × 40-9 and χ 2 = 11.77 for 'Akizuki' × 40-23). On the other hand, when the threshold is set between score 4 and 5, the segregation result for 'Akizuki' × 40-9 does not fit a 1 : 1 ratio (χ 2 = 5.63), since the result was 28 : 12, although the ratio for 'Akizuki' × 40-23 was 41 : 46, which is consistent with the 1 : 1 expected ratio (χ 2 = 0.18). Setting the threshold between score 4 and 5 seems to be more reasonable to explain the resistance of 'Kinchaku' than setting the value between 3 and 4, supposing a single dominant gene.
DNA marker analysis
Five DNA markers linked to the scab resistance gene Vnk were tested on 2 breeding populations ( Table 2) for their suitability for scab screening. Four markers (STS-OPW2, STS-OPO9, STS-OPAQ11, CH-Vf2) produced unique DNA fragments in all resistant parent lines (7-34, 40-9, 40-23) derived from 'Kinchaku' without any recombination. They yielded different fragments from susceptible cultivars used as parents ('Kosui', 'Hakko', 'Akizuki'). Although SSR NH013a produced a 209 bp fragment in 40-23, the same as 'Kinchaku', the fragment was not inherited in 7-34. This indicates that the 209 bp fragment produced by NH013a in 40-23 was inherited from 'Hakko'. NH013a was therefore not used for resistance screening of the populations.
The relationship between the 4 markers tested and inoculation test scores was investigated (Fig. 2) . Vnk was mapped in the central region of LG1 neighboring STS-OPW2 and STS-OPO9, as in the previous report (Terakami et al., 2006) . In this study, all individuals without Vnk-linked fragments between the positions of STS-OPW2 and STS-OPO9 from 'Kinchaku' showed scab symptoms with heavy sporulation on leaves. Individuals showing both specific 'Kinchaku' fragments were classified as HR, R and M. All individuals with only STS-OPO9 were HR, but only 1 of the 7 individuals with only STS-OPW2 was HR, suggesting that STS-OPO9 is closer to Vnk. A relationship between the other markers in LG1 (STS-OPAQ11 and CH-Vf2) and the phenotype of scab resistance was not observed. 
Discussion
We classified individuals as HR, R, M and S. By scoring symptoms in individuals, we applied the modified apple scab grading scale, unlike Abe's scale used in Japanese pear and Chinese pear (Abe and Kotobuki, 1998) , which did not defined sporulation on petioles and could not distinguish the M from S class. The M type differs from S, because M showed necrotic lesions on leaf blades without sporulation and weak sporulation on petioles. The degrees of resistance in M individuals were apparently different from S. The results of inoculation tests in this study were somewhat different from previous studies. Abe and Kotobuki (1998) indicated that progenies generated from crosses between 'Kinchaku' and susceptible cultivars did not show a resistance reaction to scab, such as necrotic and/or chlorotic lesions. In this study, various degrees of resistance were found in the seedlings, including necrosis and chlorosis. In the case of apple scab resistance, necrosis, and chlorosis are considered resistance reactions of QTLs (Patocchi et al., 2004) . In addition, Abe et al. (2000) suggested that scab resistance of European pears was controlled by a major gene Vn and minor polygenes involving the necrotic phenotype in the absence of the Vn gene. In this study, all individuals without Vnk showed heavy sporulation on leaves (score 5), whereas almost all individuals with Vnk exhibited no spoluration on leaf blades and showed various resistance scores, 0-4. These results lead us to speculate that scab resistance of 'Kinchaku' is also controlled by the combination of the major gene Vnk and other minor genes. We presume that the major gene Vnk controls sporulation/non-sporulation on leaf blades and that minor genes can influence the degree of necrosis and chlorosis in the presence of Vnk. All or partial loss of the minor genes derived from 'Kinchaku' would occur in some individuals because the populations used here were generated from four-way crosses involving 'Kinchaku'. 'Kinchaku' is the only Japanese pear cultivar resistant to all pathogenic races of V. nashicola compared with other cultivars exhibiting race specific resistance (Adachi et al., 2003) ; therefore, 'Kinchaku' scab resistance might be controlled by this combination of Vnk and minor genes. In the future, QTL analysis of these minor genes derived from 'Kinchaku' will be necessary to reveal the number and position of genes.
The positions of two putative QTLs linking European pear scab resistance to Venturia pyrina in two F 1 population maps were identified (Pierantoni et al., 2007) . It was indicated that these two major genes have an additive effect on resistance. Although these QTLs were mapped on LG3 and LG7, which are different positions from Vnk, both cases have a similar expression of necrotic and localized sporulating symptoms in seedlings possessing major genes. In the case of apple Vf, some resistant progeny displayed chlorotic or necrotic lesions with reduced sporulation (Patocchi et al., 1999) . Score 0-4 was considered resistant. Indeed, we observed enough growth of individuals with score 4 to use as planting stocks. These individuals (score 4) make breeding selection difficult. When we aimed to select individuals with score 0-4 as resistant, the selection efficiency of STS-OPW2 and STS-OPO9 was 87.7% (64/73) and 95.7% (67/70), respectively. When using both STS-OPW2 and STS-OPO9 for selection, efficiency was 95.4% (62/64). In each case, escape from selection occurred. In contrast, all individuals which possess neither STS-OPW2 nor STS-OPO9 showed heavy sporulating symptoms, and elimination of these individuals would seem to be a reasonable approach for marker-assisted selection for pear scab resistance. In this study, individuals that had either STS-OPW2 or STS-OPO9 showed some variation in the degree of the phenotype of scab resistance. Three of 65 individuals having both STS-OPW2 and STS-OPO9 markers showed sporulation on leaves. It is possible that these individuals underwent double recombinations between the two markers or a deletion of Vnk.
A difference in the segregation ratio for resistant and susceptible individuals was observed between the 2 populations used in this study. Comparing the scores of scab resistance and the presence of STS-OPW2 and STS-OPO9, we could see that Vnk is present in individuals with score 0-4, but not in individuals with score 5 (except 3 individuals) ( Table 3) . We could observe a bias in the ratio of resistance to susceptibility in progenies of 'Akizuki' × 40-9 (i.e., it did not fit the expected ratio of 1 : 1), which was responsible for the bias of Vnk. On the other hand, in the progenies of 'Akizuki' × 40-23, the ratio of the segregation of resistance with Vnk and susceptible without Vnk, well fit the expected ratio of 1 : 1.
In a previous study, 'Kinchaku' scab resistance was controlled by different genes from that of Chinese pear (data not shown) and European pear (Terakami et al., 2005) . When we attempt to combine these resistance genes from different sources, an inoculation test can not reveal the number and type of resistance genes of resistant crossed seedlings, because the effect of one resistance gene masks other genes. The DNA markers established in this study enable us to identify the presence of Vnk and help to enable resistance gene combination. Further investigations to find DNA markers linked to the scab resistance of Chinese and European pears will be necessary to enable the breeding of advanced scab resistance in Japanese pear. 
